In situ Pd-catalyzed cyclopentene polymerization in the presence of MWCNTs is demonstrated to effectively render, in a large scale, polycyclopentene crystal-decorated MWCNTs. Controlling the catalyst loading and/or time in the polymerization offers a convenient tuning of the polymer content and the morphology of the decorated MWCNTs.
Introduction
Decoration of carbon nanotubes (CNTs) with polymer crystals is a unique noncovalent strategy for the functionalization of CNTs. [1] In this regard, both single-and multi-walled CNTs (SWCNTs and MWCNTs) have been demonstrated to induce polymer crystallization from their solutions or melts, leading to the formation of nano-hybrid shish-kebab (NHSK) or the transcrystalline structures. [1, 2] In particular, the transcrystalline structure forms when the fibrous CNT filler can initiate a high density of active of nuclei on its surface, which force the crystal growth only in the direction normal to the CNT axis. Thus far, the CNT-based transcrystalline structure has only been seen in few cases under appropriate conditions. [3] On the contrary, the NHSK structure, first discovered by Li et al., [4] develops at reduced densities of active nuclei, with the CNTs (shish) decorated periodically with polymer crystal lamellae (kebabs). Through quiescent isothermal solution crystallization, CNT-based NHSK structures have been extensively synthesized by Li's and other groups with the use of various semicrystalline polymers, [1] including polyethylene (PE), [4, 5] nylon, [4, 6] polypropylene, [7] etc. A size-dependent soft epitaxy mechanism has been proposed by Li et al. for the formation of the NHSK structures. [4] Alternatively, other methods, including supercritical CO 2 -induced polymer crystallization, [8] physical vapor deposition, [9] and shear-induced crystallization from polymer melts or solutions, [10] have also been developed by various groups for the preparation of CNT-based NHSK structures. The unique NHSK or transcrystalline structure imparts the decorated CNTs with some valuable properties. When used to construct polymer nanocomposites, both NHSK and transcrystalline structures have been demonstrated to render stronger polymer-CNT interactions and facilitate more effective load transfer to the CNTs. [3c,6b,10a,c] Meanwhile, Li et al. have also shown that films made of PE crystal-decorated
SWCNTs of the solution-grown NHSK structure by vacuum filtration exhibit rose petal-like sticky superhydrophobicity due to the hierarchical roughness created by the NHSK structures.
[11]
All above-mentioned methods for the synthesis of polymer crystal-decorated CNTs (predominantly, NHSK structures) often require special and strict conditions while at small production scale (e.g., high temperature and very dilute polymer solutions at ca. 0.1 mg/mL) for the periodic epitaxial growth of polymer crystals from the CNTs and the employed semicrystalline polymers must be synthesized beforehand. More convenient one-step largescale methods, combining polymerization and crystallization in situ in a single step while undertaken at facile conditions, are highly desired. Several groups reported previously the synthesis of PE-CNT nanocomposites by in situ metallocene-catalyzed ethylene polymerization in the presence of CNTs.
[12] Therein; PE-coated CNTs with sausage-like structures were often produced. The formation of NHSK structures was only observed in few cases, [12a,i] but with limited control over the structure and the content of the decorating polymer crystals. Meanwhile, no application was demonstrated with the PE-CNT NHSKs produced therein. In this paper, we report a one-step large-scale in situ synthesis of polycyclopentene (PCP) crystal-decorated MWCNTs by convenient, direct Pd-catalyzed polymerization of cyclopentene in the presence of MWCNTs while under facile conditions. PCP is a highly crystalline polymer synthesized by catalytic addition polymerization and is typically featured with high melting point (up to 395 ºC depending tacticity). [13] 
Results and Discussion
-6 - [14] Pd-diimine catalysts similar to 1 have been previously demonstrated to produce cis-1,3-enchained high-molecular-weight PCP with high melting point of ca. 240 ºC at similar conditions. [15] In this polymerization system, the feed concentrations of MWCNTs and cyclopentene are fixed at 2.5 and 115 mg/mL, respectively, in a fixed volume (20 mL) of chloroform as solvent. This feed concentration of MWCNTs is much higher compared to those typically used in the small-scale isothermal solution crystallization method, [4] [5] [6] thus facilitating the more effective larger-scale synthesis herein.
The loading amount of catalyst 1 and the polymerization time are the parameters that are tuned in the system to change the structure of resulting PCP crystal-decorated MWCNTs, including the content of PCP crystals and the morphology. An increase of either one, while at otherwise identical conditions, should lead to the enhanced PCP yield in the polymerization.
Scheme 1.
Pd-catalyzed cyclopentene polymerization in the presence of MWCNTs for in situ synthesis of PCP crystal-decorated MWCNTs.
We have first investigated the effect of the loading amount of 1 on the resulting PCPdecorated MWCNTs. Polymerization runs were carried out at different catalyst loading (15, -7 -25, 35 , and 45 mg, respectively) for the same time (72 h). Figure bigger, approaching to resemble the transcrystalline structures.
[3] The morphology of these decorated MWCNTs is distinctively different from that of neat PCP. The neat PCP appears as loose aggregates of finer particles with a coral-like surface morphology of abundant patterned roughness (see Figure S2 ).
In PE-CNT NHSK structures produced by isothermal solution crystallization, the PE crystals often form orthogonal disc-shaped lamellae decorating periodically the CNTs. [4, 5] In comparison, the shape of the PCP kebabs herein is relatively irregular, with no disc-shaped lamellae observed. Meanwhile, the lateral thickness of the PCP kebabs is at about 100 nm, with no well-defined periodicity. The irregular NHSK structures seen here are reasoned to result from the much faster crystallization kinetics in this in situ polymerization system in comparison with the slow isothermal solution crystallization. The driving force for polymer crystallization is the free-energy change involved in the phase transformation and is proportional to the supercooling, ∆T defined as ∆T = T m -T c , with T m and T c denoting the melting and crystallization temperatures, respectively.
[4] Herein, T m of the PCP crystals (shown be-low) is much higher than that of PE crystals while T c (room temperature herein) is much lower than that (ca. 100 ºC) typically employed for the isothermal solution crystallization of PE. The much greater ∆T herein accounts for the relatively irregular PCP crystal morphology on MWCNTs. Additionally, the surface defects on MWNCTs may also contribute to the irregular NHSK structures. Such NHSK structures with irregular polymer crystal morphology have been commonly observed in crystallization systems involving higher supercooling, such as nylon-CNT NHSKs prepared by isothermal solution crystallization [4, 6] and physical vapor deposition, [9] PE-CNT NHSKs prepared by CO 2 -induced solution crystallization, [8] and PE-CNT NHSKs prepared by in situ polymerization. [12a,i] We have further investigated the evolution of the NHSK structures during the course of an in situ polymerization run carried out at the catalyst loading of 35 mg. Figure S4 shows the TEM images of the resulting PCP-decorated MWCNTs (termed as d-MWCNT5 to d-MWCNT8, respectively) sampled after the different polymerization time of 1.5, 5, 8, and 15 h, respectively, from the run. According to their TGA weight loss at 600 ºC (see Figure S5 ), the four samples have a PCP content of 31, 56, 67, and 73 wt%, respectively. The increasing PCP content upon the extension of polymerization time confirms the continuous conversion of cyclopentene into PCP over the course of polymerization as expected. As shown in Figure   S4 (a), no shish-kebab structures are observed in d-MWCNT5. From the inset in Figure S4 (a) at a higher magnification, the MWCNTs appear to be coated with a non-uniform layer of PCP having a thickness up to ca. 6 nm. This indicates that, at the early stage of polymerization, the produced PCP is adsorbed onto the nanotubes as a surrounding layer. From Figure S4 (d)). This trend of morphology evolution resembles that of NHSK structures, but differs from that of transcrystalline structures. Similar evolution of NHSK structures was previously observed in CO 2 -induced PE epitaxy [8a] and PE non-isothermal solution crystallization in the presence of MWCNTs. [16] In the case of transcrystalline structures, the morphology evolution is very different: the transcrystalline layer of isotactic polypropylene on CNT fibers was observed to grow uniformly along the entire fiber axial length even in the very beginning of crystallization and the extension of time just led to the gradual thickening of the layer. [3a] In this unique in situ polymerization system, polymer production and crystallization occur simultaneously. The polymer chains, once produced, are reasoned to undergo fast crystallization given the large supercooling, i.e., polymerization as the rate-controlling step for the crystal formation. From the trend shown in Figure S4 , the PCP chains produced in the beginning of the polymerization precipitate and adsorb on the MWCNTs forming a surrounding layer, which serves as heterogeneous nucleation sites for subsequent epitaxial growth of the lamellae. [17] From the increasing number of PCP kebabs over time seen in the TEM images, we also reason that crystal nucleation on MWCNTs continues to occur during the course of polymerization. Along with epitaxial growth of the crystal lamellae, new nuclei may simultaneously form elsewhere. This also contributes to the relatively irregular PCP kebabs observed herein. Figure S6 shows the x-ray diffraction (XRD) pattern of d-MWCNT7 as a representative sample, along with those of bare MWCNTs and neat PCP for comparison. The neat crystalline PCP shows a broad XRD peak from 13 to 26º with peak maximum at 19.9º, which is typical of cis-enchained PCP produced with Pd-and Ni-diimine catalysts. [15] The bare MWCNTs show a characteristic broad peak from 24 to 32º, with peak maximum at 28.8º. [18] The diffraction pattern of d-MWCNT7 is superimposed by the peaks of neat PCP and bare
MWCNTs. Figure S7 Amorphous phase should be present in the neat PCP and the polymer decorating the MWCNTs. However, due to the absence of melting enthalpy data for perfect polycyclopentene crystals, polymer crystallinity in the neat PCP and d-MWCNT samples, however, cannot be calculated from the DSC results.
Following their convenient successful synthesis, we have further discovered the application of the above PCP-decorated MWCNTs for the fabrication of lotus leaf-like superhydrophobic films. CNT films are known for their exceptional mechanical and electrical properties. [19] Superhydrophobic CNT films endowed with additional superhydrophobic surface properties by controlling their surface roughness and functionality are valuable for various applications. reported for films of SWCNT films and graphite. [11] Meanwhile, a film of the neat PCP shows a hydrophobic surface with an intrinsic contact angle of 122º. On the contrary, the films fabricated with the decorated MWCNTs show significantly enhanced contact angles (155, 152, 154º, respectively) with no clear dependence on the PCP content. In particular, it is surprising to see that the film of d-MWCNT1 is also featured with high contact angle (155º) despite its low PCP content. In agreement with the above TEM evidence seen in Figure S4 , this further confirms that the low content of PCP is coated effectively on the nanotubes. like, superhydrophobic, low-water-adhesion surface (the Cassie-Baxter state) of the films fabricated with the PCP-decorated MWCNTs. [22] This unique superhydrophobic surface should result from the change in surface functionality and the hierarchical nanoscale surface roughness created upon the decoration of the MWCNTs with PCP crystals through the in situ polymerization. These films are distinctively different from the rose petal-like superhydrophobic high-water-adhesion films made with PE-CNT NHSK structures by Li et al. [11] Though the precise mechanism is to be investigated in further study, the difference between the two types of films is reasoned to stem from the different decorating polymer and nanoscale surface roughness. 
Conclusions
A simple, convenient in situ polymerization method under facile conditions is demonstrated for the large-scale synthesis of PCP crystal-decorated MWCNTs with tunable PCP content and morphology. It is further discovered that the decorated MWCNTs can render electrically conductive films featured with valuable lotus leaf-like superhydrophobicity simply via vacuum filtration. We anticipate the potential applications of these films in areas such as sensors, electrochemical devices, and coating. 
